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Role of hypoxia in the pathogenesis of renal disease. The kidney
shows a remarkable discrepancy between blood supply and oxy-
genation. Despite high blood flow and oxygen delivery, oxygen
tensions in the kidney are comparatively low, in particular in the
renal medulla. The reason for this lies in the parallel arrange-
ment of arterial and venous preglomerular and postglomerular
vessels, which allows oxygen to pass from arterioles into the
postcapillary venous system via shunt diffusion. The limitation
in renal tissue oxygen supply renders the kidney susceptible to
hypoxia and has long been recognized as an important factor in
the pathogenesis of acute renal injury. In recent years, evidence
has accumulated that hypoxia does also play a significant role
in the pathogenesis and progression of chronic renal disease,
because different types of kidney disease are usually associated
with a rarefication of postglomerular capillaries. In both acute
and chonic diseases, tissue hypoxia does not only imply the risk
of energy deprivation but also induces regulatory mechanisms
and has a profound influence on gene expression. In particu-
lar, the transcription factor hypoxia inducible factor (HIF) is
involved in cellular regulation of angiogenesis, vasotone, glu-
cose metabolism, and cell death and survival decisions. HIF has
been shown to be activated in renal disease and presumably
plays a major role in protective responses to oxygen depriva-
tion. Recent insights into the regulation of HIF increase our
understanding of the role of hypoxia in disease progression and
open new options to improve hypoxia tolerance and to induce
nephroprotection.
Oxygenation of the kidney is characterized by a re-
markable paradox. On the one hand, in relation to their
weight, the kidneys are the very best perfused organs
of the organism, receiving an overall oxygen supply of
more than 80 mL/min × 100 g weight, of which less than
10% is consumed during its passage through the kidneys
[1]. On the other hand, tissue oxygen tensions in the re-
nal parenchyma are lower than in most other organs and
much below those measured in the renal vein [2]. In par-
ticular, the renal medulla is considered one of the sites
in the body with the lowest oxygen tensions. The expla-
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nation for the discrepancy between high oxygen supply
and low tissue oxygen tensions of the kidney lies in the
unique architecture of the renal vasculature. In both the
cortex and the medulla, branches of the renal arteries and
veins run strictly parallel and in close contact with each
other over long distances. This parallel arrangement al-
lows oxygen to diffuse from the arterial system into the
venous system before it has entered the capillary bed [3,
4]. Thus oxygen is subjected to a countercurrent exchange
comparable with urea, and this mechanism is particularly
relevant in the renal medulla, where it leads to oxygen
tensions below 10 mm Hg [2]. However, the countercur-
rent exchange of oxygen also occurs in preglomerular
arteries of the renal cortex, where oxygen tensions are
about 30 mm Hg with marked variability [2, 4].
At the same time, most tubular segments have a very
limited capacity for anaerobic energy generation and are
thus dependent on oxygen to maintain active transtubular
reabsorption of solutes, in particular sodium. The combi-
nation of limited tissue oxygen supply and high oxygen
demand is considered the main reason for the suscepti-
bility of the kidney to acute ischemic injury [5].
In recent years, increasing evidence has accumulated,
indicating that a reduction in renal oxygen tensions also
plays an important role in the progression of chronic
kidney disease [6]. The impact of hypoxia, respectively
ischemia, on the progression of renal disease can be sum-
marized through three main points. First, it has become
clear that the peritubular capillary bed in the kidney,
which provides the structural basis for adequate oxygen
delivery to tubular cells, is a rather dynamic structure and
that chronic diseases of the kidney are associated with
a rapid decline in capillary density. Second, as a conse-
quence of capillary loss and capillary hypoperfusion, tis-
sue oxygen tensions usually decline in a diseased kidney
(Fig. 1; Table 1). Third, low oxygen tensions may not only
impair energy generation but act as a regulator of cellular
functions and as a specific stimulus for the induction of
certain genes. Altogether, these findings suggest that hy-
poxia is an important factor in the progression of kidney
disease. Unravelling the underlying molecular and cellu-
lar mechanisms is likely to increase our understanding of
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Fig. 1. Schematic presentation of peritubu-
lar capillary perfusion in health and disease.
While the amount of filtered sodium is the
main determinant of renal oxygen consump-
tion, the flow through capillaries arising from
the glomerular vasa efferentia determines
oxygen supply. When glomerular desease
impairs glomerular perfusion, this will auto-
matically impair peritubular perfusion. In ad-
dition, loss of peritubular capillaries impairs
peritubular perfusion and increases diffusion
distances. In contrast, glomeruli undergoing
compensatory hypertrophy will be associated
with an increase in glomerular and peritubular
perfusion, which might also cause microvascu-
lar damage.
Table 1. Factors possibly contributing to renal hypoxia in chronic
kidney disease
-Anemia
-Renal artery stenosis
-Loss of peritubular capillaries
-Impaired peritubular blood flow due to glomerular hypoperfusion
and/or an imbalance of vasoactive substances
-Increased diffusion barriers due to tubulointerstitial fibrosis
the progression of renal injury and may open new thera-
peutic avenues.
DECREASED PERITUBULAR CAPILLARY
DENSITY
Approximately 10 years ago, Bohle and coworkers
observed in human renal biopsies that the number of
peritubular capillaries declines with progressive loss of
renal function [7]. More recently, a loss of peritubular
capillaries has been reproduced in different animal mod-
els, including experimental glomerulonephritis [8], the
remnant kidney model [9], ureteral obstruction [10], is-
chemia/reperfusion [11], and renal artery stenosis [12].
Interestingly, the decline in capillary density occurs
rapidly within days after the initial insult and persists
for weeks, in parallel with an increase in peritubular ma-
trix deposition. There is evidence for programmed cell
death of endothelial cells by apoptosis [8] and for an im-
balance of angiogenesis regulators, with decreased ex-
pression of pro-angiogenic molecules, such as vascular
endothelial growth factor, and induction of anti-angio-
genic molecules, such as thrombospondin [9, 13–15].
Moreover, the comparison of different mouse strains re-
vealed that genetic predisposition plays an important role
in the effect of nephron loss on capillary density [16].
However, the initial signals that trigger the regressive
response of the vasculature in different disease models
remain to be elucidated. Obviously inflammatory media-
tors and oxidative stress [12] could play an important role,
but hemodynamic factors may also be relevant. A unique
feature of renal oxygenation is the tight link between the
glomerular filtration rate, the main determinant of re-
nal function and peritubular oxygen supply. Because per-
itubular capillaries are derived from the vasa efferentia of
the glomeruli, any disturbance of glomerular blood flow
resulting from glomerular capillary obstruction or scle-
rosis will automatically impair peritubular perfusion. In
addition, a compensatory increase in perfusion of other
glomeruli may increase flow and pressure in the peritubu-
lar capillary network and thereby cause microvascular
injury, which induces capillary regression.
Regardless of what the precise mechanisms may be,
Kang and coworkers have demonstrated the functional
significance of the regression of the capillary network.
They showed that endothelial proliferation induced by
vascular endothelial growth factor treatment in the rat
remnant kidney model results in improved renal function
and lower mortality rates [17].
EVIDENCE FOR TISSUE HYPOXIA IN CHRONIC
KIDNEY DISEASE
A priori it is unclear whether impaired renal perfusion
affects tissue oxygenation. Because glomerular perfusion
determines both oxygen supply (through peritubular cap-
illaries) and oxygen consumption (which is directly re-
lated to the filtered and reabsorbed sodium load), the
effect of changes in glomerular perfusion on the net bal-
ance of renal oxygen tensions is difficult to predict. In fact,
renal artery stenosis was shown to be an infrequent and
mild stimulus for erythropoietin (EPO) formation, which
is normally produced in inverse relationship to peritubu-
lar cortical oxygen tension [18].
Unfortunately, very limited data are available about
the profiles of oxygen tensions in kidneys with different
forms of chronic disease. Several investigators used im-
munostaining techniques with the bioreductive agent pi-
monidazole, which is known to accumulate in hypoxic
tissues and has been used as a radiosensitizer to treat
malignant tumors [19]. They reported increased staining
in an experimental glomerulonephritis model [20], puro-
mycin aminonucleoside nephropathy [21], the remnant
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Fig. 2. Schematic view of hypoxia-responsive
gene expression mediated by HIF. HIF is
a heterodimer, composed of an oxygen-
regulated a-subunit (HIF-1a or HIF-2a) and
a constitutive b-subunit. In the presence of
oxygen-specific prolyl residues of HIFa are
hydroxylated, and hydroxylated HIF can then
bind to an ubiquitin-ligase complex, which tar-
gets HIF for destruction through the ubiq-
uitin proteasome pathway. When insufficient
oxygen is available for the hydroxylation re-
actions (i.e., hypoxia), HIFa does not enter
the destruction pathway and, together with
its constitutive partner HIFb , can bind to
hypoxia-response elements in genes that are
inducible under hypoxic conditions. An addi-
tional hydroxylation reaction regulates HIF
transcriptional activity (not shown).
kidney model [21, 22], as well as in an ischemia/reper-
fusion injury model several weeks after recovery [23].
Careful analysis of the time course of changes in a pro-
gressive model of rat glomerulonephritis suggested that
hypoperfusion of peritubular capillaries induces chronic
hypoxia before progression of tubulointerstitial fibrosis
[20].
A limitation of the use of pimonidazole is that im-
munohistochemistry needed to visualize binding of the
dye is a non-quantitative method, and that the relation-
ship between the staining intensity and tissue oxygen
tensions may be altered by factors that are difficult to con-
trol. Noteworthy, a single study, in which oxygen tensions
were actually measured in the remnant kidney model us-
ing oxygen electrodes, showed higher rather than lower
oxygen tensions in the diseased kidneys [24]. The authors
suggested that this increase in renal oxygenation explains
an “inadequately” low erythropoietin production despite
moderate anemia, which occurs in this model.
Considering these different findings, it appears likely
that changes in renal oxygen tensions in chronic kidney
disease are not uniform, but depend, for example, on the
type of renal disease, the time course of injury, and its
progression. Additional recordings of tissue oxygen ten-
sions in various models to verify such influences would
certainly be desirable. In addition, information about
oxygen tensions in human kidneys would also be of signif-
icant interest. Blood oxygen level–dependent magnetic
resonance imaging has been introduced as a technique
that can be used in humans to visualize changes in renal
oxygenation [25]. Blood oxygen level –dependent mag-
netic resonance imaging has been used to demonstrate
changes in oxygenation in an animal model of diabetic
nephropathy [26], but has not yet been systematically ap-
plied to patients with chronic kidney disease.
HYPOXIA INDUCIBLE FACTOR EXPRESSION
AND THE EFFECTS OF LOW OXYGEN
TENSIONS ON RENAL CELL FUNCTION
Unless oxygen supply is insufficient for the generation
of adenosine triphosphate, the actual level of cellular oxy-
gen tensions has long not been considered to be an impor-
tant variable. In recent years, however, this paradigm was
completely revised. It has become clear that variations in
oxygen tensions continuously regulate many aspects of
cellular functions.
An important aspect of this adaptation is oxygen-
dependent gene regulation mediated by the hypoxia-
inducible transcription factors (HIF). HIFs are
heterodimers of an oxygen- regulated a-subunit and a
constitutive b-subunit. Two isoforms of the a-subunit
have been in the focus of interest, which are structurally
related and regulated in a similar fashion (Fig. 2).
Under normoxic, baseline conditions, we have not de-
tected these transcription factors in any region of the
kidney, despite the chronically low oxygen tensions, in
particular in the renal medulla [27]. Exposing animals
to systemic hypoxia, however, revealed a marked capac-
ity of virtually all renal cells to induce a transcriptional
response through HIF-activation. Interestingly, HIF-1a
and HIF-2a are differentially expressed. HIF-1a accumu-
lates in tubular epithelial cells of most nephron segments,
while the expression HIF-2a is found in peritubular en-
dothelial cells and fibroblasts as well as in glomerular cells
[27]. Acute renal hypoxia due to ischemia/reperfusion
[21, 27], renal infarction [28], or radiocontrast application
[29] (Fig. 3) also induces HIF. Data on HIF expression
in chronic renal disease are yet limited. To circumvent
the technical problems of directly visualizing HIF, which
is rapidly degraded on reoxygenation, and to obtain ad-
ditional evidence for its functional significance, Tanaka
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Fig. 3. Follow-up sections of the outer medulla in a rat kidney model of
radiocontrast nephropathy [29] stained for the bioreductive marker pi-
monidazole (upper panel) and for HIF-1a (lower panel). Note marked
accumulation of HIF-1a in tubules in the immediate vicinity of tubules
that stain most strongly for pimonidazole (arrows). These findings sug-
gest that HIF accumulates in hypoxic cells, but that the ability to induce
HIF declines under very severe hypoxia.
and coworkers have recently generated transgenic rats
expressing a reporter gene driven by the HIF DNA-
binding site, the “hypoxia response element.” Using two
different models, puromycin aminonucleoside nephropa-
thy and the remnant kidney model, they found transgene
activation and thus indirect evidence for induction of the
HIF pathway [21].
HIF is considered a master regulator of gene expres-
sion in response to hypoxia. Its target genes include ery-
thropoietin, angiogenic growth factors, heme-oxygenase
1, glucose transporter 1, and almost all glycolytic enzymes
[30]. In addition, HIF target genes are also involved in cell
survival decisions, including apoptosis, and both pro- and
antiapoptotic effects have been described [31, 32]. The
majority of cellular effects of HIF induction are likely to
confer adaptation and protection against hypoxic injury,
and HIF induction is therefore a potential strategy for
nephroprotection (see below). On the other hand, un-
der certain circumstances, genes induced by hypoxia may
also be maladaptive and, in particular, may promote re-
nal fibrosis. Thus, hypoxia was found to induce collagen
messenger RNA expression and induce tissue inhibitors
Table 2. Theoretical options to reduce renal tissue hypoxia or
improve hypoxia-adaptation
-Increasing renal oxygen delivery, for example, by increasing the
hemogloblin concentration
-Percutaneous transluminal angioplasty or surgical revascularization
procedures
-Improving microvascular density by stimulating angiogenesis or
avoiding capillary regression
-Improving the regional balance between oxygen delivery and
consumption, for example, by inhibiting the renin angiotensin
system
-Antifibrotic strategies
-Activating HIF, for example, by prolyl hydroxylase inhibitors
of metalloproteinases [33]. Transforming growth factor b
can be directly induced by hypoxia [34] and, in addition,
Ctgf, a downstream mediator of profibrotic cytokines, in-
cluding transforming growth factor b , can be induced by
hypoxia through HIF activation [35]. Hypoxia also pro-
motes the transdifferentiation of proximal tubular cells
into myofibroblasts [33, 36].
Another aspect in how hypoxia may indirectly promote
renal injury is an increase in blood pressure. Exposure
of rats to systemic hypoxia leads to a significant rise in
blood pressure that persists after return-to-normal am-
bient oxygen tensions [37]. This rise is associated with
microvascular endothelial changes, subtle tubulointersti-
tial injury, inflammation, and interstitial cell prolifera-
tion. Johnson et al have postulated such microvascular
changes as a uniform pathway for the development of
salt-sensitive hypertension [38].
An additional role of hypoxia may be its effect on main-
tenance and recruitment of adult renal stem cells. A re-
cent report indicates that the renal medulla serves as a
niche for adult renal stem cells, which resume prolifera-
tion and are recruited into different zones of the kidney
after tubular damage [39]. Hypoxia modulates the phe-
notype of isolated papillary cells [39], and HIF is believed
to play a central role in stem cell responses in different
organs [40, 41].
TARGETING RENAL HYPOXIA AS A
THERAPEUTIC AIM
Given the increasing, albeit yet fragmentary, evidence
for an important role of hypoxia in the pathogenesis and
progression of renal disease, attempts to avoid a reduc-
tion in renal tissue oxygen tensions and/or manipulating
and supporting the adaptive reactions could help to pre-
serve renal structure and function (Table 2).
In general, improving renal oxygenation could be
achieved by enhancing systemic oxygen transport or re-
gional oxygen supply. The question as to whether correct-
ing renal anemia with recombinant EPO has an impact on
the progression of renal disease is still under debate (see
also Rossert et al, this issue). Although the majority of
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investigations performed so far have not revealed a rele-
vant beneficial or adverse effect of anemia correction on
the decline of glomerular filtration rate, a recent study
suggested that anemia correction may retard the time to
dialysis in patients with advanced chronic kidney disease
[42].
Improving regional oxygen supply in the kidney inde-
pendent of blood oxygen transport capacity could hypo-
thetically be achieved with angiogenesis stimulators that
promote peritubular capillary formation. Although such
approaches have been successful in experimental models,
as discussed, the complexity of angiogenesis modulation
does not seem to render this approach realistic in the near
future.
On the other hand, some of the beneficial effects of
inhibiting the renin angiotensin system could be due to
an improvement of renal oxygenation. Relieving efferent
arteriolar tone by angiotensin II inhibition will reduce the
filtered load and increase peritubular perfusion, thereby
increasing the ratio between oxygen supply and de-
mand. Indeed renin-angiotensin-aldosterone system in-
hibition increases renal cortical oxygen tensions acutely
[43] and ameliorates tubular hypoxia in the remnant
kidney model [22]. In humans this mechanism has been
indirectly observed as an inhibitory effect of angiotensin-
converting enzyme inhibitors or angiotensin receptor an-
tagonists on EPO production and hemoglobin levels [44].
However, the extent to which the protective effect of
renin-angiotensin-aldosterone system inhibition can be
attributed to improved renal oxygenation remains un-
clear.
The use of EPO also has to be considered among strate-
gies aiming to induce tissue- and cytoprotection. There is
increasing evidence that in addition to its main effect as
a growth and survival factor of red cell precursors, EPO
has paracrine effects mediated through EPO receptors
in various organs that confer protection against hypoxic
injury [45]. In fact, cell and tissue protection, indepen-
dent of hemoglobin levels, has been demonstrated in
isolated renal cells [46], as well as in the ischemia reperfu-
sion model [47, 48] and in models of chronic renal injury
[49]. Whether these findings are of any relevance under
the conditions of EPO therapy usually applied for ane-
mia correction in patients with chronic kidney disease,
however, remains to be determined. In fact, increasing
hemoglobin levels with EPO therapy is likely to down-
regulate residual endogenous EPO production, so that
the local EPO concentration could theoretically even de-
crease under exogenous hormone therapy.
Increased recognition of the molecular mechanisms
regulating HIF has recently opened new options for hy-
poxia protection that are independent of the delivery of
a specific gene product. In the presence of oxygen, the
a-subunits of HIF (HIF-1a and HIF-2a) are rapidly de-
graded through the ubiquitin proteasome pathway. This
degradation is initiated by the hydroxylation of two prolyl
residues of HIFa, which requires oxygen as a substrate.
Only hydroxylated HIF can bind to an ubiquitin-ligase
complex, which targets HIF for proteasomal destruction
[50, 51]. As a consequence, inhibitors of the prolyl hy-
droxylases, those enzymes which hydroxylate HIF, inhibit
HIF degradation and mimic the effect of hypoxia in the
presence of oxygen [50, 52]. Such inhibitors have been
found to upregulate HIF in the kidney in vivo and induce
angiogenesis in an experimental model [53]. Cobalt chlo-
ride, which can also stimulate HIF by interfering with
its degradation, was shown to confer protection in an
acute renal failure model [54] and a rat glomerulonephri-
tis model [55]. Further proof of the protective effect of
HIF was recently provided in a rat ischemia model in
which gene transfer of a constitutively active HIF con-
ferred medullary protection [56].
Whether similar protective effects can be achieved in
chronic disease models is not yet clear. Interestingly, how-
ever, prolyl hydroxylase inhibitors are already in use in
phase I and II studies in humans [57], and thus this ap-
proach could soon become available for patients for var-
ious indications. It will potentially offer new avenues of
functional preservation of the kidney, and at the same
time help to further clarify the relevance of hypoxia in
kidney disease.
Reprint requests to Kai-Uwe Eckardt, M.D., Medical Clinic 4,
Krankenhausstrasse 12, 91054 Erlangen, Germany.
E-mail: kai-uwe.eckardt@med4.med.uni-erlangen.de
REFERENCES
1. BREZIS M, ROSEN S, SILVA P, EPSTEIN FH: Renal ischemia: a new
perspective. Kidney Int 26:375–383, 1984
2. LUBBERS DW, BAUMGARTL H: Heterogeneities and profiles of oxy-
gen pressure in brain and kidney as examples of the pO2 distribution
in the living tissue. Kidney Int 51:372–380, 1997
3. ZHANG W, EDWARDS A: Oxygen transport across vasa recta in the
renal medulla. Am J Physiol Heart Circ Physiol 283:H1042–1055,
2002
4. SCHUREK HJ, JOST U, BAUMGARTL H, et al: Evidence for a pre-
glomerular oxygen diffusion shunt in rat renal cortex. Am J Physiol
259:F910–915, 1990
5. BREZIS M, ROSEN S: Hypoxia of the renal medulla–its implications
for disease. N Engl J Med 332:647–655, 1995
6. FINE LG, BANDYOPADHAY D, NORMAN JT: Is there a common mech-
anism for the progression of different types of renal diseases other
than proteinuria? Towards the unifying theme of chronic hypoxia.
Kidney Int Suppl 75:S22–26, 2000
7. BOHLE A, MACKENSEN-HAEN S, WEHRMANN M: Significance of post-
glomerular capillaries in the pathogenesis of chronic renal failure.
Kidney Blood Press Res 19:191–195, 1996
8. OHASHI R, KITAMURA H, YAMANAKA N: Peritubular capillary injury
during the progression of experimental glomerulonephritis in rats.
J Am Soc Nephrol 11:47–56, 2000
9. KANG DH, JOLY AH, OH SW, et al: Impaired angiogenesis in the
remnant kidney model: I. Potential role of vascular endothelial
growth factor and thrombospondin-1. J Am Soc Nephrol 12:1434–
1447, 2001
10. OHASHI R, SHIMIZU A, MASUDA Y, et al: Peritubular capillary regres-
sion during the progression of experimental obstructive nephropa-
thy. J Am Soc Nephrol 13:1795–1805, 2002
Eckardt et al: Hypoxia in renal injury S-51
11. BASILE DP, DONOHOE D, ROETHE K, OSBORN JL: Renal ischemic in-
jury results in permanent damage to peritubular capillaries and in-
fluences long-term function. Am J Physiol Renal Physiol 281:F887–
899, 2001
12. ZHU XY, CHADE AR, RODRIGUEZ-PORCEL M, et al: Cortical mi-
crovascular remodeling in the stenotic kidney: Role of increased
oxidative stress. Arterioscler Thromb Vasc Biol 24:1854–1859, 2004
13. YUAN HT, LI XZ, PITERA JE, et al: Peritubular capillary loss after
mouse acute nephrotoxicity correlates with down-regulation of vas-
cular endothelial growth factor—A and hypoxia-inducible factor-1
alpha. Am J Pathol 163:2289–2301, 2003
14. HUGO C, SHANKLAND SJ, PICHLER RH, et al: Thrombospondin 1 pre-
cedes and predicts the development of tubulointerstitial fibrosis in
glomerular disease in the rat. Kidney Int 53:302–311, 1998
15. KANG DH, ANDERSON S, KIM YG, et al: Impaired angiogene-
sis in the aging kidney: vascular endothelial growth factor and
thrombospondin-1 in renal disease. Am J Kidney Dis 37:601–611,
2001
16. PILLEBOUT E, BURTIN M, YUAN HT, et al: Proliferation and remodel-
ing of the peritubular microcirculation after nephron reduction: As-
sociation with the progression of renal lesions. Am J Pathol 159:547–
560, 2001
17. KANG DH, HUGHES J, MAZZALI M, et al: Impaired angiogenesis in
the remnant kidney model: II. Vascular endothelial growth factor
administration reduces renal fibrosis and stabilizes renal function.
J Am Soc Nephrol 12:1448–1457, 2001
18. PAGEL H, JELKMANN W, WEISS C: A comparison of the effects of renal
artery constriction and anemia on the production of erythropoietin.
Pflugers Arch 413:62–66, 1988
19. HODGKISS RJ: Use of 2-nitroimidazoles as bioreductive markers for
tumour hypoxia. Anticancer Drug Des 13:687–702, 1998
20. MATSUMOTO M, TANAKA T, YAMAMOTO T, et al: Hypoperfusion of
peritubular capillaries induces chronic hypoxia before progression
of tubulointerstitial injury in a progressive model of rat glomeru-
lonephritis. J Am Soc Nephrol 15:1574–1581, 2004
21. TANAKA T, MIYATA T, INAGI R, et al: Hypoxia in renal disease with
proteinuria and/or glomerular hypertension. Am J Pathol 165:1979–
1992, 2004
22. MANOTHAM K, TANAKA T, MATSUMOTO M, et al: Evidence of tubular
hypoxia in the early phase in the remnant kidney model. J Am Soc
Nephrol 15:1277–1288, 2004
23. BASILE DP, DONOHOE DL, ROETHE K, MATTSON DL: Chronic renal
hypoxia after acute ischemic injury: Effects of L-arginine on hypoxia
and secondary damage. Am J Physiol Renal Physiol 284:F338–348,
2003
24. PRIYADARSHI A, PERIYASAMY S, BURKE TJ, et al: Effects of reduction
of renal mass on renal oxygen tension and erythropoietin produc-
tion in the rat. Kidney Int 61:542–546, 2002
25. PRASAD PV, EDELMAN RR, EPSTEIN FH: Noninvasive evaluation of
intrarenal oxygenation with BOLD MRI. Circulation 94:3271–3275,
1996
26. RIES M, BASSEAU F, TYNDAL B, et al: Renal diffusion and BOLD
MRI in experimental diabetic nephropathy. Blood oxygen level-
dependent. J Magn Reson Imaging 17:104–113, 2003
27. ROSENBERGER C, MANDRIOTA S, JURGENSEN JS, et al: Expression
of hypoxia-inducible factor-1alpha and -2alpha in hypoxic and is-
chemic rat kidneys. J Am Soc Nephrol 13:1721–1732, 2002
28. ROSENBERGER C, GRIETHE W, GRUBER G, et al: Cellular responses
to hypoxia after renal segmental infarction. Kidney Int 64:874–886,
2003
29. ROSENBERGER C, HEYMAN SN, ROSEN S, et al: Up-regulation of HIF
in experimental acute renal failure: Evidence for a protective tran-
scriptional response to hypoxia. Kidney Int 67:531–542, 2005
30. MAXWELL P: HIF-1: An oxygen response system with special rele-
vance to the kidney. J Am Soc Nephrol 14:2712–2722, 2003
31. CARMELIET P, DOR Y, HERBERT JM, et al: Role of HIF-1alpha in
hypoxia-mediated apoptosis, cell proliferation and tumour angio-
genesis. Nature 394:485–490, 1998
32. GREIJER AE, VAN DER WALL E: The role of hypoxia inducible factor
1 (HIF-1) in hypoxia induced apoptosis. J Clin Pathol 57:1009–1014,
2004
33. NORMAN JT, CLARK IM, GARCIA PL: Hypoxia promotes fibrogenesis
in human renal fibroblasts. Kidney Int 58:2351–2366, 2000
34. NAKAGAWA T, LAN HY, ZHU HJ, et al: Differential regulation of
VEGF by TGF-beta and hypoxia in rat proximal tubular cells. Am
J Physiol Renal Physiol 287:F658–664, 2004
35. HIGGINS DF, BIJU MP, AKAI Y, et al: Hypoxic induction of Ctgf is
directly mediated by Hif-1. Am J Physiol Renal Physiol 287:F1223–
1232, 2004
36. MANOTHAM K, TANAKA T, MATSUMOTO M, et al: Transdifferentiation
of cultured tubular cells induced by hypoxia. Kidney Int 65:871–880,
2004
37. MAZZALI M, JEFFERSON JA, NI Z, et al: Microvascular and tubuloin-
terstitial injury associated with chronic hypoxia-induced hyperten-
sion. Kidney Int 63:2088–2093, 2003
38. JOHNSON RJ, HERRERA-ACOSTA J, SCHREINER GF, RODRIGUEZ-
ITURBE B: Subtle acquired renal injury as a mechanism of salt-
sensitive hypertension. N Engl J Med 346:913–923, 2002
39. OLIVER JA, MAAROUF O, CHEEMA FH, et al: The renal papilla is a
niche for adult kidney stem cells. J Clin Invest 114:795–804, 2004
40. ADELMAN DM, GERTSENSTEIN M, NAGY A, et al: Placental cell fates
are regulated in vivo by HIF-mediated hypoxia responses. Genes
Dev 14:3191–3203, 2000
41. CERADINI DJ, KULKARNI AR, CALLAGHAN MJ, et al: Progenitor cell
trafficking is regulated by hypoxic gradients through HIF-1 induc-
tion of SDF-1. Nat Med 10:858–864, 2004
42. GOUVA C, NIKOLOPOULOS P, IOANNIDIS JP, SIAMOPOULOS KC: Treat-
ing anemia early in renal failure patients slows the decline of re-
nal function: A randomized controlled trial. Kidney Int 66:753–760,
2004
43. NORMAN JT, STIDWILL R, SINGER M, FINE LG: Angiotensin II block-
ade augments renal cortical microvascular pO2 indicating a novel,
potentially renoprotective action. Nephron Physiol 94:39–46, 2003
44. MARATHIAS KP, AGROYANNIS B, MAVROMOUSTAKOS T, et al:
Hematocrit-lowering effect following inactivation of renin-
angiotensin system with angiotensin converting enzyme inhibitors
and angiotensin receptor blockers. Curr Top Med Chem 4:483–486,
2004
45. ROSSERT J, ECKARDT KU: Erythropoietin receptors: Their role be-
yond erythropoiesis. Nephrol Dial Transplant 20:1025–1028, 2005
46. FISHBANE S, RAGOLIA L, PALAIA T, et al: Cytoprotection by darbepo-
etin/epoetin alfa in pig tubular and mouse mesangial cells. Kidney
Int 65:452–458, 2004
47. SHARPLES EJ, PATEL N, BROWN P, et al: Erythropoietin protects
the kidney against the injury and dysfunction caused by ischemia-
reperfusion. J Am Soc Nephrol 15:2115–2124, 2004
48. VESEY DA, CHEUNG C, PAT B, et al: Erythropoietin protects against
ischaemic acute renal injury. Nephrol Dial Transplant 19:348–355,
2004
49. BAHLMANN FH, SONG R, BOEHM SM, et al: Low-dose therapy with the
long-acting erythropoietin analogue darbepoetin alpha persistently
activates endothelial Akt and attenuates progressive organ failure.
Circulation 110:1006–1012, 2004
50. EPSTEIN AC, GLEADLE JM, MCNEILL LA, et al: C. elegans EGL-9 and
mammalian homologs define a family of dioxygenases that regulate
HIF by prolyl hydroxylation. Cell 107:43–54, 2001
51. IVAN M, KONDO K, YANG H, et al: HIFalpha targeted for VHL-
mediated destruction by proline hydroxylation: Implications for O2
sensing. Science 292:464–468, 2001
52. IVAN M, HABERBERGER T, GERVASI DC, et al: Biochemical purifica-
tion and pharmacological inhibition of a mammalian prolyl hydrox-
ylase acting on hypoxia-inducible factor. Proc Natl Acad Sci USA
99:13459–13464, 2002
53. WARNECKE C, GRIETHE W, WEIDEMANN A, et al: Activation of the
hypoxia-inducible factor pathway and stimulation of angiogenesis
by application of prolyl hydroxylase inhibitors. FASEB J 17:1186–
1188, 2003
54. MATSUMOTO M, MAKINO Y, TANAKA T, et al: Induction of renopro-
tective gene expression by cobalt ameliorates ischemic injury of the
kidney in rats. J Am Soc Nephrol 14:1825–1832, 2003
55. KUDO Y, KAKINUMA Y, MORI Y, et al: Hypoxia-inducible factor-
1alpha is involved in the attenuation of experimentally induced rat
glomerulonephritis. Nephron Exp Nephrol 100:e95–103, 2005
56. MANOTHAM K, TANAKA T, OHSE T, et al: A biologic role of HIF-1 in
the renal medulla. Kidney Int 67:1428–1439, 2005
57. URQUILLA P, FONG A, OKSANEN S, et al: Upregulation of endogenous
EPO in healthy subjects by inhibition of HIF-PH. J Am Soc Nephrol
15:546A, 2004
